Introduction
============

Radiation therapy (RT) is standard-of-care for multiple malignancies, aimed at direct tumor destruction. However, systemic disease, treatment resistance, or the need for sublethal dosing to minimize normal tissue toxicity, often translates into surviving tumor cell populations and disease progression.[@R1]^,^[@R2]

Mounting evidence suggests that radiation can modulate the tumor to become an immunostimulatory milieu, through direct effects on the immune system and (or) the tumor.[@R1] Radiation can induce a continuum of immunogenic alterations on dying and surviving tumor cells ([Fig. 1](#F1){ref-type="fig"}). Lethal irradiation induces tumor cell death while promoting antitumor immunity, defined as immunogenic cell death (ICD).[@R3] Although immune responses in cancer patients receiving RT alone are often weak and rarely translate into protective immunity, the immunogenic effects of RT can be exploited to promote synergistic clinical benefit for patients receiving combination regimens with immunotherapy.[@R1]^,^[@R2]^,^[@R4]^,^[@R5]

![**Figure 1.** Radiation-induced immunogenic modulation may enhance immunotherapy. Multiple immunogenic consequences of radiation therapy (RT) that can be harnessed to promote synergy with immunotherapeutic regimens.](onci-3-e28643-g1){#F1}

Molecular Mechanisms of Radiation-induced Immunogenic Modulation
================================================================

We have previously described a novel anticancer immune mechanism complementary to ICD and distinct from autophagy--termed immunogenic modulation--whereby radiation, and other anticancer therapies, induces a spectrum of molecular alterations in the biology of surviving tumor cells rendering them more sensitive to cytotoxic T lymphocyte (CTL)-mediated lysis.[@R6] These include changes in the cancer cell-surface phenotype, the expression of antiapoptotic and/or immune-responsive genes, and the levels of antigen-processing machinery (APM) components, as well as the translocation of calreticulin to the cell surface.[@R1]^,^[@R6]^,^[@R7] Radiation has been shown to also modulate the expression of tumor ligands required for monoclonal antibody therapies, including those targeting immune checkpoints, such as the programmed cell death 1 axis (PD1/PDL1) and cytotoxic T lymphocyte associated protein 4 (CTLA4).[@R2]^,^[@R5]^,^[@R8] However, the molecular mechanism(s) underlying immunogenic modulation in tumor cells that survive radiation have not been fully investigated.

We have interrogated the immunogenic consequences and molecular mechanisms underlying radiation-induced immunogenic modulation in human carcinomas of the breast, lung, and prostate.[@R9] CTL killing relies on the recognition of specific CD8^+^-restricted epitopes/MHC class I complexes on the surface of tumor cells, which is dictated by the cooperative action of several APM proteins. We hypothesized that radiation could elicit immunogenic modulation by altering the expression of proteins implicated in CTL-mediated tumor lysis, including calreticulin and APM components, thereby augmenting productive interactions between CTLs and tumor. We observed secretion of ATP and high mobility group box 1 (HMGB1) protein, two cardinal signs of ICD, from both dying and surviving carcinoma cells. Tumor irradiation in vitro and in vivo significantly augmented the expression of multiple APM components, and promoted cell-surface expression of calreticulin. Increased CTL lysis was primarily dictated by the presence of calreticulin on the surface of tumor cells, as increased CTL-mediated lysis was abrogated in the presence of a calreticulin blocking peptide, or when calreticulin translocation was inhibited. Moreover, CTL lysis of tumor targets increased significantly in the presence of exogenous calreticulin.[@R10] These findings suggest a direct interaction between exposed calreticulin and CTLs, highlighting a novel function for calreticulin in this context, contrasting with its role in ICD in which calreticulin exposure is insufficient to elicit efficacious antitumor responses.[@R3]^,^[@R9]

Further interrogation of the mechanisms underlying radiation-induced immunogenic modulation revealed that radiation induces endoplasmic reticulum (ER) stress in carcinoma cells, triggering a survival response through the PERK branch of the unfolded protein response (UPR). This translates into increased expression of multiple APM components and other immune-relevant proteins, as we observed in tumor cells exposed to the ER-stress inducer thapsigargin.[@R10] These findings strongly suggest that immunogenic modulation, and the resulting increase in tumor sensitivity to CTL lysis, is a result of this survival response stimulated in reaction to radiation-induced ER stress. However, other mechanisms such as autophagy and (or) branches of the UPR may also be complementary, contributing further to the enhanced susceptibility of radiation-treated cancer cells to cytolysis.[@R10]

Overall, our studies provide evidence that radiation induces a continuum of immunogenic alterations in tumor biology, ranging from immunogenic modulation to ICD. One can envision harnessing these manifestations in order to achieve optimal synergy with therapeutic cancer vaccines, monoclonal antibodies, and other immunotherapy regimens, thereby maximizing clinical benefit, even in the case of patients who have failed RT or who have limited treatment options.

Clinical Implications
=====================

These findings have translated into promising clinical benefits for patients receiving RT plus immunotherapy.[@R1]^,^[@R2]^,^[@R4] In a multi-center Phase II trial, metastatic CRPC patients *(n = 44)* were randomized to receive ^153^Sm-EDTMP (Quadramet®, an FDA-approved radiopharmaceutical targeting bone metastasis) alone or in combination with PSA-TRICOM vaccine. Time to progression significantly improved *(P = 0.03)* with combination therapy (3.7 mo) compared with ^153^Sm-EDTMP alone (1.7 mo).[@R4]

Challenges and Promise for Radiation Plus Immunotherapy
=======================================================

Improving clinical outcomes for patients receiving RT plus immunotherapy relies on deepening our understanding of the specific molecular entities involved as well as finding answers to pertinent questions regarding immunogenic modulation:

1\. What role do dosing and fractionation regimens play in RT's ability to alter tumor biology, thus fostering tumor cell susceptibility to immune attack?

2\. Are there differences in how ICD and immunogenic modulation synergize with immunotherapy? Can those differences be exploited to enhance RT's role as an effective adjuvant to immunotherapy?

3\. What is the optimal dose and sequence for combined RT/immunotherapy?

4\. Can other forms of radiation, i.e., α particles or proton therapy also elicit immunogenic modulation and synergize with immunotherapy?

5\. Can the combination of RT and therapeutic vaccines be an effective regimen for patients resistant to standard anticancer treatments?
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